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Abstract 

Extracellular nucleotides achieve their role as cell-to-cell communicators by acting at cell sur- 
face transmembrane receptors--the P2 receptors. Before molecular cloning led to the isolation of 
any P2-receptor sequence, a small number of receptor types had been proposed on the basis of 
pharmacological evidence. The application of molecular biology to this field of receptor research 
has indicated that a great underestimation of the number of receptor subtypes and of their abun- 
dance had occurred. There are now known to be seven characterized P2Y (G protein linked) 
receptors and the same number again of P2X receptors of the transmitter-gated ion channel type. 
In this review, we discuss the properties of these cloned receptors, their distribution within the 
nervous system, and their methods of signal transduction. 

Index Entries: ATP; P2Y receptor; P2X receptor; nucleotides; G protein-linked receptor; trans- 
mitter-gated ion channel; localization; functional characterization. 

Introduction 

Specific receptors for extracellular ATP that 
recognize the t r iphosphate  nucleot ide but  not  
adenos ine  were  first p roposed  by Burnstock 
(1972), on the basis of pharmaco log ica l  evi- 
de nc e  f rom a u t o n o m i c  neu roe f f ec to r  cells. 
Such  ev idence ,  and  the r ange  of cell types  
involved,  were  subsequent ly  m u c h  ex tended  
(reviewed in the vo lume  edi ted by Dubyak and 
Fedan ,  1990). The  s ta tus  of ATP as a neu-  
ro t ransmit ter  was suppor t ed  by evidence for 

its release at the responsive  sites, ei ther in a 
paracrine mode ,  as in the vascular  system, or 
from both  per ipheral  and central nerve  termi- 
nals (reviewed by Dubyak  and E1-Moatassim, 
1993; H a r d e n  et al., 1995). The  p o s t u l a t e d  
receptors  were  t e r m e d  P2 p u r i n o c e p t o r s ,  to 
d is t inguish  them from the k n o w n  adenos ine  
receptors  ( t e rmed  P1 pu r inocep to r s ) .  At an  
early stage it was  recognized f rom physiologi-  
cal s tudies  that there was  more  than  one cat- 
egory of ATP receptor, and  two subtypes ,  P2Y 
and  P2X w e r e  n a m e d  by  B u r n s t o c k  a n d  
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Kennedy (1985). The definitions of these rested 
originaliy on agonist selectivities: in particular 
2-methylthio-ATP (2MeS-ATP) was much more 
potent than cz~3-methylene ATP (c~-meATP) for 
P2Y and vice versa for P2X receptors. Various 
smooth muscle types were considered to 
exhibit prototypical P2Y or P2X responses. In 
fact, we can now see that it was a most fortu- 
nate historical accident that the pharmacologi- 
cal division was created thus, since it happens 
to coincide with a fundamental division in 
molecular structure. 

The derivation since 1993 of DNA clones 
coding for nucleotide receptors has (as detailed 
in this review) transformed our view of these 
receptors and their subtypes. A range of genes, 
of the order of 14 in total so far known, has 
been shown to produce these receptors. The 
receptor originally identified as P2Y for its 
preference for 2MeS-ATP and being unaffected 
by c~[3-meATP, actually comprises multiple 
subtypes, which belong to the larger family of 
G protein-linked (or metabotropic) nucleotide 
receptors. The other subclass of this family 
(P2X), originally recognized by c~[3-meATP 
responsiveness (e.g., those in the rat vas defer- 
ens and those mediating vasoconstriction in 
many vascular smooth muscles) are now 
known to belong to a larger family of 
ionotropic ATP receptors. Those two families 
(P2Y and P2X) have nothing in common except 
a binding site for ATP, which itself is created 
by entirely different structures in each family. 
The particular agonists which had been used 
for distinguishing P2Y and P2X receptors turn 
out, in reality, to be far from diagnostic: 2MeS- 
ATP (or its breakdown product 2MeS-ADP) 
ranges in activity among metabotropic P2Y 
receptors, being very effective (P2Y]) to virtu- 
ally inactive (P2Y2), whereas on most of the 
ionotropic P2X receptor subtypes now known, 
cLI3-meATP has little or no activity. 

The P2Y Receptors 

The P2Y receptors constitute a new subfam- 
ily within the rhodopsin type superfamily of 

the G protein-linked receptors and contain all 
of the typical features of such receptors, includ- 
ing of course the seven hydrophobic trans- 
membrane (TM) domains (TM1-TM7). To date, 
seven sequences, each from a different gene, 
have been isolated that encode polypeptides of 
308-532 amino acids in length that recognize 
nucleotides (Table 1, Figs. 1A, 2). Within the 
P2Y family, the members are highly diverse in 
sequence, sharing 27-60% amino acid sequence 
identity. The coding regions of all receptors are 
intronless where this has been investigated. 

Four subfamilies can be distinguished so far 
on the basis of their sequence similarities and 
in some cases their pharmacological properties 
(Figs. 1, 5). Three of these--P2Y l, P2Y 2 / P2Y 4 
/ X1-P2Y, and P2Y 3 / P2Y6--have a consider- 
able number of residues conserved in all of 
them, and this is regardless of species (Fig. 2 
and mapped in Fig. 4 of Barnard et al., 1996, 
where R5 is P2Y4). In contrast, p2y 5 differs from 
all of these three at some of those residues, p2y s 
remains a provis ional  family member  at 
present, having been little investigated, but 
P2Y 1 through P2Y 4 and P2Y 6 and X1-P2Y have 
been shown to be able to couple through the 
inositol phosphate (IP 3) pathway. The third 
intracellular loop and the C-terminus tail, 
regions implicated in G protein specificity in 
other G protein-linked receptors, vary greatly 
between all of those five sequences. 

Properties of the P2Y Receptors 

The P2Y 1 Receptor 

A cDNA encoding a protein of 362 residues 
was originally cloned from late-embryonic 
chick brain and confirmed to be a P2Y-type 
receptor, by oocyte expression (Webb et al., 
1993). In P2Yl-transfected COS-7 cells, agonist 
application leads to the formation of IP 3 (Simon 
et al., 1995a), which is the common signal 
transduction pathway for this receptor type. 
ATP, ADP, and many of their subst i tu ted 
derivatives were found to agonists at this 
receptor, with 2MeS-ATP the most potent ago- 
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Table 1 
Database Listings of P2Y and P2X Receptor  Sequences 

Receptor  Species Accession n u m b er  References 

P2Y 1 Chicken X73268 
Turkey  U09842 
Bovine X87628 
Mouse  U22829 
Rat U22830 
H u m a n  U42029 
H u m a n  U42030 
H u m a n  Z49205 
H u m a n  Jc4737 

P2Y 2 Mouse  L14751 
Mouse  $83099 
H u m a n  U07225 
Rat U09402 
Rat L46865 
Rat U65839 

P2Y 3 Chicken C98283 
P2Y 4 H u m a n  X91852 

H u m a n  U40223 
H u m a n  X96597 

p2y  5 Chicken I50241 
H u m a n  AF000546 

P2Y 6 Rat Q63371 
H u m a n  U52464 
H u m a n  X97058 

X1-P2Y Xenopus  X99953 
p2y 9 or H u m a n  U90322; 
p2ys-like H u m a n  AF005419 
p2Yl0 H u m a n  AF000545 
P2X 1 Rat X80477 

Mouse X84896 
H u m a n  X83688 
H u m a n  U45448 

P2X2~a~ Rat U14414 
P2X2~B) Rat Y09910 

Rat Y10473 
P2X2r ~ Rat Y10474 
P2X2(4~ Rat Y10475 
P2X 3 Rat X90651 

Rat X91167 
P2X 4 Rat X87763 

Rat X91200 
Rat X93565 
Rat U32497 
Rat U47031 
H u m a n  Y07684 
H u m a n  AF000234 

P2X 5 Rat X92069 
Rat X97328 

p2xs~ H u m a n  U49495 
p2xsco~ H u m a n  U49396 
P2X 6 Rat X92070 

Rat C97376 
P2X 7 Rat X95882 

H u m a n  Y09561 

Webb et al., 1993 
Filtz et al., 1994 
H e n d e r s o n  et al., 1995 
Tokuyama et al., 1995 
Tokuyama et al., 1995 
Ayyanathan et al., 1996tY (short form) c 
Ayyanathan  et al., 1996b a (long form) ~ 
Leon et al., 1996 ~ 
Janssens et al., 1996 a 
Lustig et al., 1993 
Enomoto  et al., 1996 
Parr  et al., 1994 
Rice et al., 1995 
Chen et al., 1996 
Seye et al., unpub l i shed  a 
Webb et al., 1996b 
C o m m u n i  et al., 1995 
N g u y e n  et al., 1995 
Stam et al., 1996a 
Webb et al., 1996c ~,b 
Bohm et al., unpub l i shed  ~ 
Chang  et al., 1995 
Southey  et al., 1996 ~ 
C o m m u n i  et al., 1996b 
Bogdanov et al., 1997 
Bohm et al., unpub l i shed  ~ 
Janssens et al., 1997 
Bohm et al., unpub l i shed  ~ 
Valera et al., 1994 
Valera et al., 1995 
Valera et al., 1995 
Longhurs t  et al., 1996 
Brake et al., 1994 
Br ind le  et al., 1997 
Simon et al., 1997a 
Simon et al., 1997a 
Simon et at., 1997a 
Chen  et al., 1995 
Lewis et al., 1995 
Buell et al., 1996 
Bo et al., 1995 
Soto et al., 1996a 
Seguela et al., 1996 
Wang et al., 1996 
Garc ia -Guzman et al., 1997 
Takahashi et al., unpub l i shed  
Collo et al., 1996 
Garc ia -Guzman et al., 1996 
Unpubl i shed  ~ 
Unpubl i shed  ~ 
Collo et al., 1995 
Soto et al., 1996 
Suprenant  et al., 1996 
Rassendren  et al., 1997 

~No functional data, assignment based on sequence homology and bbinding data. 
cThis receptor sequence has a short 3' UTR. 
~Alternate long 3' UTR. 
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Fig. 1. (A) Predicted transmembrane topologies of the P2Y and the P2X receptors. Bars indicate predicted 
disulfide bridges. In the P2X structure, H5 is a strongly hydrophobic segment that has the highest degree of 
conservation among all the P2X receptor sequences (Fig. 4). It is indicated as a possible equivalent to the H5 (or 
"P loop") region of voltage-gated ion channels and of several transmitter-gated ion channels (Barnard et al., 
1996). It has only slight sequence identity with any of these, but it may be associated with part of the TM 
domains and channel function, possibly in a re-entrant membrane topology (as for the known P-loops), as is 
speculatively shown. (B) Dendrograms representing structural relatedness within the two P2 receptor families. 
]-he plots were obtained from the multiple sequence alignment program CLUSTAL (Higgins and Sharp, ! 988). 
The P2Y~, P2Y, P2Y 4 and P2Y6 are of human origin, P2Y 3 and p2y 5 are from chicken, and Xl -P2Y was isolated 
from Xenopus. All sequences in the P2X dendrogram are of rat origin. 
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Fig. 2. Alignment of the P2Y receptor amino acid sequences. The predicted transmembrane domains are 
overlined. Conserved residues are indicated in bold. Conservation of residue type is indicated in color (blue, 
acidic; red, basic; yellow, polar; and green, hydrophobic). Conserved cysteine residues are indicated (O). 
Sequences where functional or binding evidence indicates membership of the P2Y receptor family are included. 
Species origins: human (H), chicken (C), and Xenopus (X). 

nist, whereas pyrimidine based molecules and 
c~,~-meATP were inactive. 2'-deoxyATPRS 
(dATPczS), a partial agonist, was found to be a 
very suitable ligand (3SS-labeled, K D 7 nM) to 
determine receptor ligand affinities in mem- 
branes of COS-7 cells expressing this receptor 
(Simon et al., 1995a). 

By cross-hybridization and PCR amplifi- 
cation based upon this clone, P2Y 1 receptors 
have been subsequently cloned from a variety 
of species (Table 1). The agonist  profile 
obtained for the expressed bovine and human 
P2Y 1 receptors is broadly similar to that of 
chicken P2Y 1, with 2MeS-ATP apparent ly 

extremely potent  (ECs0 approx 40 nM; 
Henderson et al., 1995; Schachter et al., 1996). 
The P2Y antagonists suramin, reactive blue 2 
(RB-2), and pyridoxal phosphate-6-azophenyl- 
2',41~disu~onic acid (PPADS) are strongly inhibi- 
tory at P2Y i receptors (Simon et al., 1995a; 
Charlton et al., 1996a). 

As discussed below, the purity of nucle- 
otides, presence of ectoenzymes, and nucle- 
otide stability can all have an effect on the 
pharmacological profile observed for either a 
native receptor or one expressed heterolo- 
gously. Indeed, it has recently been reported 
where special precautions are taken that ATP 
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is in reality an antagonist at the human P2Y 1 
receptor (Leon et al., 1997). Further studies are 
therefore needed to determine the true phar- 
macological profile of this receptor. 

The av ian  P2Y 1 r e c e p t o r  is exp re s sed  
strongly in the brain, gut, lung, skeletal muscle, 
and less so in the spleen, stomach, and spinal 
cord (Webb et al., 1993; Filtz et al., 1994). The 
expression of the mammal  receptor is more 
widespread,  with the mRNA detected in most 
of the above tissues as well as heart, kidney, 
liver, placenta and pancreas (Tokuyama et al., 
1995; Ayyanathan et al., 1996b). 

The P2 Y2 / P2 Y4 / XI-P2 Y Receptor Subfamily 

The mouse  P2Y 2 receptor cDNA was also 
isolated in 1993 by Lustig and coworkers using 
a f u n c t i o n a l  exp re s s i on  c l on i ng  s t r a t egy  
(Lustig et al., 1993). The P2Y 2 protein (Figs. 1, 
2, and 5) resembles in activity a classical "P2u" 
receptor, a subtype described on the basis of 
t i s sue  r e s p o n s e s  to UTP as wel l  as ATP 
(O'Connor et al., 1991). UTP, ATP, and Ap4A are 
full agonis ts  at this receptor  type whereas  
2-MeSATP is inac t ive  (Lustig et al., 1993, 
Lazarowski et al., 1995). Under  conditions in 
which nucleotide stability is ensured, ADP and 
UDP have no activity at this receptor type (Nicho- 
las et al., 1996). P2Y 2 receptors with the same prop- 
erties have been cloned from other species (Table 
1). Where tested, their activation stimulates PLC 
leading to the mobilization of intracellular Ca 2§ 
These effects are antagonized by suramin, with a 
pA 2 value of 4.32, but to a lesser extent than at the 
P2Y 1 receptor (pA 2 = 5.77) whereas PPADS was 
ineffective (Charlton et al., 1996a). The P2Y 2 recep- 
tor transcript also has a wide tissue distribution 
and is present in spleen, kidney, liver, skeletal 
muscle and heart at high levels in comparison to 
the levels detected in the lung and brain (Lustig et 
al., 1993; Parr et al., 1994) 

P2Y 4 was cloned from human genomic DNA 
and from placental and pancreas RNA (Com- 
muni  et al., 1995; Nguyen  et al., 1995; Stam et 
al., 1996). Analysis of the nucleotide efficacy at 
this receptor type originally indicated that UTP 
and UDP were full agonists with ECs0 values 

of 2 ~M (Communi  et al., 1995) or 0.2 ~M and 
14 ~M, respec t ive ly  ( N g u y e n  et al., 1995); 
whereas ADP and ATP were found to be weak 
partial agonists at best. Again, when  the effects 
of the nucleotides were observed under  strin- 
gent methodological  condit ions,  UTP was  a 
full agonist with an K0 s of 0.8 ~M while UDP 
was found to be inactive. In addi t ion ,  ATP 
acted as a full agonist  a l though  with  lower  
potency than UTP with a K0. s of 39 pM (Nicho- 
las et al., 1996). P2Y 4 receptors  have  been  
reported to be insensitive to suramin,  but  the 
effect of PPADS is unclear, as this has been 
found to be ei ther  inact ive or act ive as an 
a n t a g o n i s t  in two  s e p a r a t e  l a b o r a t o r i e s  
(Charlton et al., 1996b; Communi  et al., 1996a). 
RB-2 has been reported to have some antago- 
nist activity (Communi  et al., 1996a). The P2Y 4 
transcript has a more limited expression pat- 
tern; to date it has only been detected in pla- 
centa and pancreas in humans  (Communi  et 
al., 1995; Stam et al., 1996). 

Bogdanov et al. (1997) have cloned a further 
cDNA m e m b e r  of this sequence  subfami ly  
from Xenopus. This sequence encodes a protein 
with an extended C-terminal tail of 216 amino 
acids in comparison with P2YI_ o, which have 
comparat ively  short  C-terminal  cytoplasmic  
extensions of 15-65 amino acids. This receptor 
sequence has been named XI-P2Y. Its pharma-  
cological specificity was assessed by expres- 
sion in Xenopus oocytes where  it was found to 
recognises all endogenous  nucleotides; an ECs0 
value of 100 nM was found for ATP, whi le  
2MeS-ATP and R,J3-meATP were both inactive. 
The nature of the response was also different 
from that of other P2Y receptors that have been 
characterized using this expression system. It 
was oscillatory upon application of low concen- 
trations of ATP but was biphasic at higher con- 
centrafions, with the second phase persisting for 
up to 60 min after agonist removal. Suramin 
a n t a g o n i z e d  the m e m b r a n e  c o n d u c t i v i t y  
evoked by receptor activation, with an ICs0 of 
27 ~M (Bogdanov et al., 1997). The Xenopus X1- 
P2Y receptor transcript is expressed transiently 
during embryonic development  localized to the 
neural plate (Bogdanov et al., 1997). 
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Pharmacologically, the consistent feature of 
this receptor  subfami ly  is that the tr iphos- 
phates ATP and UTP have full agonist activity, 
dinucleot ides have lower activity or are inac- 
tive, and 2-MeSATP is inactive as an agonist. 

The P2 !"3 / P2 Y6 Receptor Subfamily 

A further receptor cDNA was cloned from 
chick brain (P2Y3), with a protein sequence that 
shares a similar degree of sequence identi ty 
with both the P2Y 1 and P2Y2-1ike sequences. It 
responds  to ADP (ECs0 = 1.7 ~M) and other 
nucleotides,  both in oocyte expression and by 
Ca 2§ mobil izat ion in transfected mammal ian  
cells (Webb et al., 1996b). P2Y 3 shows a prefer- 
ence for nucleoside  diphosphates ,  with ATP 
and 2MeS-ATP relatively weakly  active. Both 
RB-2 and  s u r a m i n  a n t a g o n i z e  n u c l e o t i d e  
r e s p o n s e s  at this  r ecep to r ,  w i th  100 ~M 
suramin causing a 25-fold shift in the UDP ECs0 
value (Webb et al., 1996b). 

The P2Y 6 receptor was originally cloned from 
rat aorta (Chang et al., 1995) and subsequently a 
h u m a n  sequence has been isolated from pla- 
centa (Communi  et al., 1996b). This receptor 
type has been shown to couple to phospholipase 
C. The agonist series for rat P2Y 6 was originally 
found to be UTP > 2-MeSATP, ADP >> ATP 
(Chang et al., 1995). UDP, which was not tested 
in the initial characterization, has greater effi- 
cacy than UTP, ECs0 values of 0.1 and 1 ~M 
r e s p e c t i v e l y  (Y. T akuwa ,  pe r sona l  comm-  
unication). The same rank order of activity was 
found for the human  P2Y 6 receptor. Re-exami- 
nation by Nicholas et al. (1996) indicated that 
the rank order of activity at the rat receptor was 
correct but that there was an underestimation of 
the difference in the activity of UTP vs UDP; 
pure UTP being 100-fold less potent than UDP. 
Furthermore, in this later study 2MeS-ATP and 
ATP s h o w e d  cons iderably  less activity. The 
former point  can be attr ibuted to nucleotide 
pur i ty  whereas  the latter discrepancy awaits 
investigation. Thus, the true efficacy of these 
two ligands at this receptor is still in dispute. 

The P2Y 3 and P2Y 6 receptors share a high 
degree of sequence identity (60%) and have a 

very similar pharmacologica l  profile. How-  
ever, this degree of sequence identi ty is rather 
low for these receptor types to be assumed to 
be species homologs.  Furthermore,  they have 
differing tissue distributions as de termined  by 
Northern hybridization. The P2Y 3 mRNA was 
abundant ly  expressed in chicken spleen and 
was also expressed in brain, spinal cord, kid- 
ney and lung  at lower  levels (Webb et al., 
1996b). The P2Y 6 message  was  de tec ted  in 
lung, digestive tract, spleen, and mesentery  at 
high levels and was less abundant  in the heart  
but was not detected in brain by Nor thern  hy- 
bridization (Chang et al., 1995). 

The p2y 5 Receptor 

Webb et al. (1996c) noted the homology  to 
P2Y receptor  sequences of a chicken cDNA 
sequence (6H1; Kaplan et al., 1993) that wou ld  
encode a 308-residue 7-TM protein. Webb et al. 
(1996c) expressed this receptor in COS-7 cells 
and found a high level of expressed binding 
sites for [3sS] dATPc~S and adenine nucleotides,  
with the affinity order  ATP > 2-MeSATP >> 
UTP. This was proposed as a new P2Y receptor 
subtype,  p2y s (the lower  case deno tes  that  
functional expression has not yet been investi- 
gated). The p2y 5 mRNA is absent from all avian 
tissues tested except T-cells, where  it is present 
only upon their activation (Kaplan et al., 1993). 

It should be noted that a p2ys-like h u m a n  
sequence (also called p2y 9) that shares 61% 
amino acid identity with the chick sequence has 
also been isolated (Janssens et al., 1997). This 
receptor sequence was expressed in a number  
of cell lines and assayed for responses to a range 
of applied nucleotides. In no case was a positive 
effect noted for IP 3 generation, stimulation, or 
inhibition of adenylate cyclase or an acidifica- 
tion assay (Janssens et al., 1997). These authors 
concluded that this p2ys-like sequence was not 
in fact a P2Y receptor. If this is the case this still 
does not exclude p2y s, because another, partial 
human DNA sequence is now in Genbank that 
is more homologous to p2y 5 that is p2y 9. 

A further sequence, named  p2yl0 ' has been 
deposited at the EMBL database (Table 1) that 
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shares ident i ty  wi th  p2y 5. However ,  this 
assignment is also tentative as there is no functional 
data to support  its inclusion in this receptor family. 

A Related ATP-Binding Protein 

A further cDNA was cloned from a h u m a n  
erythroleukemic cell line, which encodes a protein 
related in sequence to the other P2Y receptor sub- 
types (Akbar et al., 1996). In transfected cell 
expression this protein binds nucleotides with 
high affinity: the affinity for ATP was twofold 
higher than for 2MeS-ATP, with ]3,y-meATP dis- 
playing greater affinity than at other P2Y receptor 
types and with UTP having much lower affinity 
than ATE In fact, it contains a consensus sequence 
for a phosphate-binding loop (P loop) (GXXXXGK: 
Saraste  et al., 1990), h a v i n g  the s equence  
GLGLVGK in its third extracellular loop. This pro- 
tein was at first proposed as a further P2Y recep- 
tor, P2Y 7, but  this assignment is not now made, 
since it has since been shown that it acts as a recep- 
tor for leukotriene B4 (Yokomizo et al., 1997). 

This protein gave rise to a twofold increase in 
IP 3 above basal level in transfected cells stimu- 
lated with a saturating level ofATP (Akbar et al., 
1996), but  this limited response could perhaps be 

caused by a synergistic effect of the ATP binding 
on the response to low levels of endogenous ly  
released leukotriene. Al though clearly not a true 
P2Y receptor, the functional effect of nucleotides 
on this protein requires fuller investigation. 

True Pharmacological Profiles 

K. Harden and coworkers (Nicholas et al., 1996) 
and Kennedy and Leff (1995) have introduced use- 
ful correctives for some of the previously reported 
agonist activity profiles for recombinant P2 recep- 
tors. Errors can occur because: 

1. Contaminating nucleotides in commercial 
nucleotides (e.g., UDP in UTP) have given 
some erroneous series (e.g., if UTP has low 
activity at the receptor in question but UDP 
is active, as is the case for P2Y6). 

2. Hydrolysis  by ectoenzymes can change 
nucleot ide  concent ra t ions  (and hence 
potencies) and species present, for example, 
the effect of UDP and ADP at P2Y 2 
(Lazarowski et al., 1995). 

3. An ectokinase on many cells can convert 
dinucleotides to trinucleotides,  making 
assessment of UDP and ADP activities a 

Fig. 3. (previous page) Distribution of the P2Y~ receptor protein and its transcript in the rat and the avian 
brain. {A-D) Computer-generated pseudocolor images of representative adult rat (A, B) and 1-d-old chick (C, 
D) brain horizontal sections labeled by [~SS]dATPc~S (see Simon et al., 1997b and Webb et al., 1997 for details). 
(E, F) In situ hybridization of the chick P2Y~ receptor mRNA at macroscopic and cellular resolution, respec- 
tively Adjacent rat sections (14 ~m) were incubated with: 10 nM [3SS]dATP~S alone (A) and (B) in the presence 
of 100 laM 2MeS-ATP. Adjacent chick sections (14 jam)were incubated with 10 nM [~3SS]dATP~S alone (C) and 
(D) in the presence of 10 p.M 2MeS-ATP. Note that the plane of section here is low in the chick compared to the 
rat, so that only the extremity of the Purkinje cell layer (red on the extreme right of C) is present, but (G) and (14) 
show a medial chick plane. Because of the high density of sites in the 1-d-old chick brain, to remain within a 
linear range the exposure time for (C) and (D) was 6 h compared to 16 h for (A) and (B) (but at the same specific 
activity of the [igand). (E) A parallel chick brain section to that used in (C) was hybridized with a mixture of 
three [~sS]-Iabeled antisense oligonucleotide probes specific for the chick P2Y 1 receptor mRNA. Exposure time 
was 7 d. (F) Cellular localization of the P2Y 1 receptor mRNA in the ventral hyperstriatum of the chick telen- 
cephalon. A bright-field photomicrograph of an emulsion-dipped section, counterstained with cresyl violet, is 
shown. (G) and (H) Parallel sections through the chick cerebellum showing the distribution of [3SS]dATPctS 
binding sites determined as in (C) and the localization of the P2Y~ transcript (determined as in E), respectively. 
Note how the layering of the distribution is the same for both; the strongly positive sites are in the Purkinje cell 
and internal granule cell layers. Scale bars in (A-E) are 2 mm; in (F), 40 p.m, and 0.7 .urn in (G) and (H). For all 
panels except (F), autoradiographic film images were obtained after exposure of the sections to Hyperfim-[Bmax 
and were then analyzed with an image analysis system. Images were standardized using reference standards in 
each individual experiment in a linear response range. Red, green, blue, yellow, and cyan represent the highest 
through to nondetectable signal levels. Cb, cerebellum; Hp, hippocampus; HV, ventral hyperstriatum; Par2, 
parietal cortex area 2; SC, superior colliculus; and TeO, optic tectum. 
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problem. Again the P2Y 2 receptor is a good 
example (Lazarowski et al., 1995). 

4. Nucleotides accumulating from cells can 
desensitize some P2 receptors, for example 
responses to nucleotides were not detected 
in bovine P2Yj transfected Jurkat cells unless 
the cells were treated to remove released 
nucleotides (Henderson et al., 1995). 

Effects 2 and 3 will, in fact, usually be mini- 
mized  w h e n  very  rap id  m e a s u r e m e n t s  are 
made  (e.g., for Ca 2+ transients or fast-exchange 
patch-clamp recording) or with adequate  flow 
rates  of a large  contac t  v o l u m e  in oocyte  
recording; 4 is overcome by apyrase treatment. 
The effects of 2 and 3 will be important  in the 
slow second messenger  assays. In binding,  
they can be avoided by excluding Ca 2., Mg 2§ 
and Na + (Simon et al., 1995b). It should be noted 
that apparen t  antagonis t  effects can also be 
modula ted  by the cell system used; suramin, 
reactive blue-2, and PPADS have all been shown 
to be inhibitors of ectoATPase (Chen et al., 1996). 

Chromosomal Localization 
of P2Y Receptor Genes 

The human  P2Y 1 receptor has been localized 
to region q25 of chromosome 3 (Ayyanathan et 
al., 1996a). The h u m a n  P2Y 2 gene has been 
located in region q13.5-14 of chromosome 11 
(Dasari et al., 1996) whereas the human  P2Y 4 
gene has been mapped  to chromosome Xq13 
(Nguyen et al., 1995). None of these loci corre- 
late with a disease state at present. 

P2Y Receptors Expressed in the CNS 
and Their Methods of Signal 
Transduction 

As noted above, a number  of P2Y receptor 
subtypes have been detected in the brain by 
Northern hybridization. The distribution of the 
P2Y 1 receptor mRNA in the avian brain has 
been  inves t iga ted  by in situ hybr id i za t i on  
(Webb et al., 1994, 1997). This receptor tran- 

script was found to be abundant  and exhibited 
a r e g i o n a l - s p e c i f i c  p a t t e r n  of e x p r e s s i o n  
t h roughou t  the brain,  be ing  presen t  in the 
avian forebrain as well the midbrain  and cer- 
ebellum (Fig. 3E). Analysis at the cellular level 
revealed that the mRNA is localized on many  
neuronal  cell bodies but  the presence of silver 
grains not localized over the stained cell bod- 
ies i nd i ca t e s  tha t  the t r a n s c r i p t  is a lso  
expressed by their fiber tracts and by glial cells 
as illustrated for the ventral hypers t r ia tum in 
Fig. 3F (Webb et al., 1997). To date the localiza- 
tion of other  P2Y receptors wi th in  the CNS 
remains to be reported. 

The macroscopic localization of the avian 
P2Y 1 mRNA corresponds essentially to the dis- 
t r ibu t ion  of b i n d i n g  sites for [35S]dATPc~S 
which are sensitive to 2MeS-ATP (Fig. 3C, D). 
These have been localized in detail in the chick 
and rat brains, and display a pharmacological  
series in ligand displacement that corresponds 
to the affinity series of the P2Y 1 receptor (Webb 
et al., 1997; Simon et al., 1997b). It should  be 
noted that this b inding wou ld  include any P2Y 
receptor with a broadly similar specificity to 
P2Yp Furthermore, some topographically com- 
parable  s t ructures  in the avian  and roden t  
brain exhibit comparable levels of [35S]dATP~S 
binding sites (Fig. 3, Table 2), which  indicates 
tha t  the loca t ion  of the  P2Y 1 r e c e p t o r  in 
homologous areas has been preserved dur ing  
evolution. It has recently been reported that 
this same radioligand gives very high binding 
to COS-7 cells that is not caused by P2 receptors 
(Schalcher and Harden, 1997). However,  at the 
much  h igher  concentra t ion used there, in a 
range above 1 gM, such nonspecific b ind ing  
would  be expected to be very high for most  
types of receptor-ligand binding. Furthermore,  
we have previously established saturable bind- 
ing of [35S]dATP~S in the range up to 125 nM 
(Kd: 7-13 nM), with an acceptably low nonspe- 
cific background, for both chick and rat brain 
membranes (Simon et al., 1995b). 

Experiments on cultured cells and on brain 
slices have indicated that metabotropic nucle- 
otide receptors are found in all cell types in the 
brain, i.e., astrocytes, ol igodendrocytes,  neu-  

Molecular Neurobiology Volume 15, 1997 



Nucleotide Receptors 113 

Table 2 
Density of PsS]dATPRS Binding Sites in Homologous Regions of the Avian and Rodent Brain 

Structure Density Structure Density 

Avian Rodent 
Striatal cortex ++~ Neocortex +++ 
Hippocampus ++ Hippocampus ++ 
Advancedpalestriatum ++++ Caudate putamen ++++ 
Primative palestriatum +++ Globus pallidus +++ 
Lateral septal nucleus +++ Lateral spetal nucleus ++ 
Lateral, paradorsal mesemcephalic ++++ Inferior colliculus +++ 
Nucleus Nucleus 
Optic tectum ++ Superior colliculus +++ 
Cerebellum ++ Cerebellum ++ 

~The density of pX3]dATPc~S binding sites were scored as (++) low, (+++) moderate, or (++++) strong and are equiva- 
lent to blue, green, and red respectively in Fig. 5. Data taken from Webb et al. (1997) and Simon et al. (1997). 

rons, and  microglia. Correspondingly,  extracel- 
lular nucleot ides  have been shown  to elicit the 
activation of a wide  range of second messen- 
ger pa thways  in the CNS. 

A classical mechan i sm associated wi th  the 
metabot ropic  P2Y receptors  is the activation of 
phospho l ipase  C leading to mobil izat ion of cal- 
c ium (Kastritsis et al., 1992) and this is the rec- 
ogn i ze d  p a t h w a y  of the P2Y 1 receptor  in a 
n u m b e r  of locations in the brain. However ,  in a 
clonal line of b lood-b ra in  barrier endothel ial  
cells (B10), act ivat ion of the P2Y 1 receptor was 
s hown  to elevate intracellular calcium levels by 
the inhibit ion of adenyla te  cyclase rather than 
ac t iva t ion  of p h o s p h o l i p a s e  C (Webb et al., 
1996a). The inhibi tory effects of extracellular 
nuc leo t ide  app l ica t ion  on adenyla te  cyclase 
activity have also been well d o c u m e n t e d  for 
the C6 gl ioma cell line (Boyer et al., 1993; Lin 
and  C h u a n g  et al., 1994) and may  be because of 
the presence of the same rat P2Y 1 receptor as in 
the B10 cells (Webb et al., 1996a), or a related 
receptor wi th  a similar pharmacological  profile 
to the P2Y 1 type (Boyer et al., 1994; 1995). 

Mature oligodendrocytes and their late glial 
precursors from cortex and retina express P2Y 
receptors of two types, the activation of which 
l eads  to in t r ace l lu l a r  ca l c ium release by a 
thapsigargin- and heparin-sensitive mechanism. 
However,  their early glial precursor cells do not 
respond to nucleotides (Kirischuk et al., 1995a). 

Cul tured  astrocytes from the cerebellar cor- 
tex have also been found  to express P2 recep- 
tors coupled  to calcium mobi l izat ion (Langley 
and Pearce, 1996). One of the d o w n s t r e a m  con- 
sequences of their activation is the s t imula t ion  
of mi togen-ac t iva ted  pro te in  kinase  activity, 
possibly via mitogen-act ivated prote in  kinase 
kinase ac t ivat ion that  impl ica tes  nuc l eo t i de  
receptors in the regulat ion of cell proliferat ion,  
d i f ferent ia t ion,  and  stress r e sponses  (Neary  
and Zhu,  1994). P2Y 1 receptor activation causes 
phosphol ipase  C-media ted  calcium mobiliza- 
tion in p r imary  cul tured  astrocytes f rom the 
dorsa l  h o r n  of the  sp ina l  cord  (Sal ter  and  
Hicks ,  1995). Dorsa l  h o r n  a s t r o c y t e s  a lso  
express a UTP-activated receptor  sensit ive to 
s u r a m i n  and  PPADS that  m e d i a t e s  ca lc ium 
mobil izat ion by the same mechan i sm (Ho et al., 
1995). Further, a subpopu la t i on  of neurons  and 
ol igodendrocytes  from this location also exhib- 
ited calcium mobil izat ion in response to ATP 
applicat ion (Salter and Hicks, 1994). In cerebel- 
lar slices, ATP caused release of intracellular  
calcium via IP 3 release in Bergmann  glial cells 
(Kirischuk et al., 1995b). Responses were greater 
at the distal processes ra ther  than the soma,  
indicating a nonuni formi ty  in the expression of 
the receptors or in the downs t ream second mes- 
senger system. 

P2Y receptors can also m o d u l a t e  ion-chan- 
nel activity. Activation of the P2Y 2 receptor  in 
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Fig. 4. Alignment of the amino acid sequences of the known P2X receptor subunits. The predicted trans- 
membrane domains and H5dike region are overlined. Conserved residues are indicated in bold. Conservation 
of residue type is indicated in color (blue, acidic; red, basic; yellow, polar; and green, hydrophobic). Con- 
served cysteine residues (O) and putative asparagine-linked glycosylation sites (*) are also indicated. Alternate 
forms of the P2X 2 subunit produced by alternate splicing are not included. All sequences are of rat origin. 

the NG108-15 neurob las toma/g l i a l  cell hybrid 
has been shown  to inhibit  the voltage-gated "M 
current"  K+ channel  via a perussis  toxin (PTX)- 
insensitive G protein (Filippov et al., 1994). P2Y 
recep tor  m o d u l a t i o n  of N- and  L-type Ca 2§ 
channels  in this same cell line has also been 
character ized (Filippov and Brown, 1996). N- 
and  L-current  inhibi t ions  were  med ia t ed  by 
two  d i f f e ren t  G pro te ins ,  s ince the  N - t y p e  
channel  was  sensit ive to PTX and the effect at 

the L-current  was  not  (Fi l ippov and  Brown,  
1996). The K § channel  and  Ca 2. channel  inhibi- 
tion in NG108-15 cells are contr ibuted by differ- 
en t  r ecep to r s ,  b a s e d  on  the  r a n k  o r d e r  of 
p o t e n c y  of the  n u c l e o t i d e s  t e s t ed  at  b o t h  
responses.  Indeed ,  the lat ter  effect has  been  
attr ibuted part ly to the P2Y 2 receptor, which  has 
been shown  to inhibit the N type Ca 2§ channel  
in a recombinant  assay system based on micro- 
injection of neurons  (Filippov et al., 1997). 
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The P2Y 1 receptor has been implicated in the 
activation of an outwardly  rectifying K" chan- 
nel in a range of pr imary cultured rat neurons, 
by subtly different mechanisms  involving a 
PTX-insensitive G protein. Activation of that 
K § channel  in inferior collicular and cerebellar 
neurons  by nucleotides is rapid, with the onset 
for the response <1 s. The evidence suggests 
that this occurs upstream of phospholipase A2 
or protein kinase C (PKC) activation, indicat- 
ing a direct modula t ion of channel activity by 
the G protein subunits (Ikeuchi and Nishizaki, 
1995, 1996). Activation of this same current in 
other cultured neurons has been found to be 
media ted  downst ream by PKC activation; in 
hippocampal  neurons this effect is dependent  
on PKC (Ikeuchi  et al., 1996b), whereas  in 
superior  colliculus neurons  it appears  to be 
i n d e p e n d e n t  of both phospho l ipase  C and 
p h o s p h o l i p a s e  A 2 ac t iva t ion  sugges t i ng  a 
novel PKC activation pa thway  in these cells 
(Nishizaki and Ikeuchi, 1996). A latency in the 
response to receptor  activation achieved by 
these mechan i sms  of K§ activation 
would  provide a means for fine tuning the in- 
hibitory transmission in neurons. 

Channel modula t ion has also been found in 
nonneuronal  cells in the brain. In the macro- 
phage-like microglia 2MeS-ATP evokes an out- 
w a r d l y  r ec t i fy ing  K § c u r r e n t  via a PTX- 
sensi t ive G prote in  (Langosch et al., 1994). 
Microglia also possess P2X receptors, includ- 
ing  the  p e r m e a b i l i t y  r e c e p t o r  P2X 7 (as 
discussed below). 

Functional Significance of CNS P2Y 
Receptors 

As in other tissues, nucleotides act as cell-to- 
cell signalers in the brain. Nucleotides have 
also been noted as having mitogenic and mor- 
phogenet ic  properties in the nervous system 
(Neary et al., 1996) and may be mediators of 
astrocyte responses to injury. The latter func- 
tion would  be similar to the one for which evi- 
dence has been gathered in peripheral tissues, 
where  P2Y receptors are believed to often act as 

monitors  of injury to ne ighbor ing  cells: the 
release of ATP (which is at a high concentration 
in all active cells) is an early consequence of cell 
damage or deformation and evokes a reaction, 
including cytokine release, in the surrounding 
cells (Schlosser et al., 1996; Wang et al., 1996b). 
Similar leakage of UTP and the cleavage of both 
ATP and UTP to their dinucleotides by ubiqui- 
tous ectonucleotidases,  means  that P2Y sub- 
types, where those components are active, are 
also involved. A related process has been found 
to contribute to the molecular basis of touch sen- 
sitivity. ATP can be released by deformat ion 
f rom the t e rmina l s  of the s e n s o r y  ne rves  
involved to initiate sensory transmission via P2Y 1 
receptors (Nakamura and Strittmatter, 1996). 

P2Y receptors can, in some locations,  act 
directly in neurotransmission (Illes et al., 1997). 
Thus, they have been implicated in increasing 
the spontaneous firing rate in a subset of neu- 
rons  of the rat  m e d i a l  ve s t i bu l a r  n u c l e u s  
(Chessell et al., 1997). Aden ine  nuc leo t ides  
increase the firing rates of locus coeruleus neu- 
rons in brain slices, whereas UTP is inactive 
(Frolich et al., 1996). The P2-receptor antago- 
nists suramin, reactive blue-2, and PPADS have 
been shown to block glutamatergic transmis- 
sion in CA1 and  CA3 p y r a m i d a l  n e u r o n s  
(Mot in  and  Bennet t ,  1995). The effects  of 
suramin and reactive blue-2 (but not PPADS) 
were in part postsynaptic, as their application 
blocked the effect of applied glutamate.  How- 
ever, P2X and P2Y effects may not be discrimi- 
nated clearly by these antagonists; indeed the 
effects of ATP on various neurons are likely to 
be via both P2Y and P2X receptors. Regardless 
of the receptor type involved, the ineffective- 
ness of PPADS in blocking the glutamate effect 
may indicate a presynaptic action of ATP on 
g lu tamate  release. ATP has been s h o w n  to 
induce long-term potent ia t ion in py ramida l  
neurons (Wierasko and Ehrich, 1994) and has 
been found to increase intracellular calcium via 
metabotropic  nucleot ide  receptors in a sub- 
populat ion of dissociated h ippocampal  neu-  
rons (Mironov, 1994). At the neu romuscu l a r  
junction, an elegant recent s tudy (Silinsky and 
Redman, 1996) has shown that ATP is released 
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absolutely synchronously with acetylcholine 
and may serve to limit transmitter release. 

The expression of P2Y receptors on the dis- 
tal processes of Bergmann glial cells could be 
functionally important, because of the inti- 
mate interaction of the Bergmann glia pro- 
cesses with the Purkinje cell dendritic tree. It 
has been speculated that ATP released from 
the synaptic ending of parallel and climbing 
fibers, which innervate Pukinje neurons, may 
generate  calcium responses in Bergmann 
glial .cells and lead to al terat ion of their 
intracellular calcium concentration and pos- 
sible efflux of calcium into the extracellular 
space, this is of potential importance as it has 
been shown that the extracellular concentra- 
tion of this ion can be depleted during elec- 
trical s t imula t ion  (Kraig and Nicholson,  
1978; Benninger et al., 1980). 

In summary, the neuronal P2Y receptors may 
be either excitatory or inhibitory depending on 
their location and their coupling to different 
transduction systems. Modulation of ion-chan- 
nel activity, in particular at Ca 2§ currents, by P2Y 
receptors represents a mechanism of transmit- 
ter release regulation, whereas the inhibition of 
M-currents provides a mechanism for neuronal 
excitation. 

The P2X Receptors 

Recent cloning of cDNAs for the P2X recep- 
tor have justified a new family of the transmit- 
ter-gated ion channels for these receptors. They 
are structurally distinct from all other known 
transmitter-gated channels such as those for 
acetylcholine and glutamate (Surprenant et al., 
1995). Seven subunits of the P2X receptor have 
been identified to date by molecular cloning 
(North and Barnard, 1997). They share an over- 
all sequence identity ranging from 27 to 50% 
and their sizes are ranging from 388 to 595 
amino acids (Figs. 1, 4). 

Their main structural characteristics are two 
transmembrane domains (TM1 and TM2) sepa- 
rated by a long loop segment (of approx 300 
amino acids), and relatively short N- and C-ter- 

mini, with the exception of P2X 2 and P2X7, 
which have an extended C-terminal tail (Fig. 
4). The P2X subunits show similarity in this 
topology (but not in sequence) to a distinct 
class of ion channels with two transmembrane 
domains, which includes the amiloride-sensi- 
tire epithelial sodium channels (ENaC), the 
inward-rectifier potassium channels, the Phe- 
Met-Arg-Phe-NH 2 (FMRF)-gated channel and 
the mechano-sensitive channel of Escherichia 
coli (reviewed by North, 1996). Only in the 
ENaC type is the long extracellular loop also 
found. The P2X receptor family, rather, is 
placed in the context of transmitter-gated chan- 
nels (Barnard, 1996). In addition, a highly 
homologous hydrophobic segment (H5), pre- 
cedes the second transmembrane domain is in 
each P2X subunit  (Figs. 1, 4). This region 
together with the second t r ansmembrane  
domain is proposed to form the ionic pore. The 
TM1-TM2 loop contains 66 completely con- 
served residues, located in a number of sepa- 
rate blocks. These include 10 cysteines, 13 
glycines, 6 lysines, 4 prolines, and 3-6 possible 
sites for N-linked glycosylation (Fig. 4). This 
loop is presumed to be extracellular because it 
can be glycosylated in an in vitro translation 
system (in the P2X 1 and the P2X 2 receptor, 
Valera et al., 1995; Simon et al., 1997a) and 
because it contains a lysine residue which 
introduces sensitivity to externally applied 
PPADS that could form a Schiff base there 
(Buell et al., 1996). The size of the glycosylated 
product (60 kDa) is very similar to that found 
for a P2X receptor protein that was partially 
purified from rat vas deferens and photoaffinty 
labelled by [3H]~,~-meATP (Bo et al., 1992). 
The conserved cysteines could form a network 
of disulfide bonds to provide a compact ter- 
tiary structure and generate the binding site for 
ATP. Although there are highly conserved 
motifs, such as XGGXXG, in the extracellular 
loop or XGXXGKF in H5 region (Fig. 4) that 
might suggest consensuses for ATP binding 
sites, none of them conforms even to the more 
general ized phospha te -b ind ing  motif  
GXXXXGK, which is common but not universal 
in all adenine and guanine nucleotide-binding 
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proteins (Saraste et al., 1990). The C-terminal tail 
region is the least conserved in all the subunits. 

A longer C-terminal tail found for the P2X 2 
and P2X 7 subunits  might  be responsible for 
important  functions such as the nondesensitiz- 
ing character of the P2X 2 channel or formation 
of large pores of the P2X 7 channel (Brake et al., 
1994; Surprenant et al., 1996). Indeed, the C-ter- 
minal tail of the P2X 2 subunits contains two pro- 
line-rich segments similar to those found in a 
number  of t ransmembrane proteins including 
the epithelial sodium channel (otrENaC) and the 
NMDA receptor NR2D subunit. These domains 
could form complexes with the SH3 domain of 
certain intracellular signaling and cytoskeletal 
proteins such as src-like tyrosine kinases and 
(z-spectrin (Rotin et al., 1994). Absence or pres- 
ence of these very hydrophobic fragments may 
introduce fine control of the desensitization of 
this channel (Simon et al., 1997a). 

Pharmacological Properties 
of the P2X Channels 

Each of the known V2X subunits can form a func- 
tional homo-oligomer channel when they are ex- 
pressed heterologously in mammalian cells or 
Xenopus oocytes. However, the stochiometry of the 
channels formed thus is not known. The distinction 
among the different homo-oligomeric channels 
formed by the seven known P2X subunits have fo- 
cused on four pharmacological phenomena; rela- 
tive sensitivity to c,,[3-meATP (see Introduction), 
sensitivity to P2 antagonists (suramin and PPADS), 
fast or slow desensitization of agonist responses, 
formation of a large ionic pore (see Fig. 5). The latter 
characteristic is attributed only to a P2 receptor ear- 
Her recognized as permeabilizing certain cells of the 
immune system and known as the P2Z receptor. 
Since molecular cloning of cDNA for this receptor 
revealed its structural homology to the the known 
recombinant P2X receptors, this receptor became 
the P2X 7 receptor type. 

Figure 5 summarizes the phenotypes of the 
seven P2X receptors now known, in terms of the 
pharmaco log ica l  criteria as observed  w h e n  
expressed in Xenopus oocytes or mammal ian  

cells. Thes phenotypic distinctions, as with the 
P2Y receptors, groups, do not always correlate 
with the structural relatedness of the different P2X 
subunits displayed in the dendogram of Fig. 1. 

P2X 1 and P2X s Receptors 

These two P2X subunits represent the first phe- 
notype.  The P2X 1 subuni t  was  the first 
recombinant P2X receptor to be identified, by 
expression cloning from rat vas deferens (Valera 
et al., 1994). Recently, species orthologs of this sub- 
trait were isolated from mouse and human uri- 
nary bladder (Valera et al., 1995). Large inward 
currents to ATP, R,I3-meATP, and 2MeS-ATP were 
seen when the recombinant P2X 1 receptor was 
expressed in Xenopus oocyes or heterologously in 
HEK 293 cells (Valera et al., 1994; 1995). These cur- 
rents desensitized very rapidly. 2MeS-ATP is a 
more potent agonist at this recombinant receptor 
than ct,13-meATP. The rank order of potency of dif- 
ferent P2 agonists  are 2MeS-ATP_>ATP>cz,13- 
meATP>>ADP. It shou ld  be no ted  that  
a,13-meATP is a much more resitant ligand to 
ectonucleotidases then the other agonists (Welford 
et al., 1987), so its lower activity here is significant. 

In contrast, in ligand-binding studies with [35S]- 
ATPTS (previously shown to label P2X binding 
sites; Michel et al., 1996a) or [3H]ct,~-meATP on the 
human recombinant P2X 1 receptor transiently 
expressed in Chinese hampster ovary (CHO-K1) 
cells, ct,/3-meATP possessed relatively low affinity 
when divalent cations were absent (Michel et al., 
1996b). Inclusion of 4 mM Ca 2+ greatly increased 
the affinity of ct,13-meATP as was also observed in 
rat vas deferens membranes expressing the native 
P2X 1 receptor (Michel and Humphrey, 1994). It is 
not known whether this Ca 2* dependence of the 
high-affinity ~,[~-meATP binding is a direct effect 
of Ca 2§ on the receptor protein or because of its 
binding to the ligand. The P2 antagonists, suramin 
and PPADS readily antagonize the agonist-evoked 
responses. This type of response has also been 
found in many native tissues such as smooth 
muscle (Benham and Tsien, 1987), sensory and 
sympathetic ganglia (Kristhal et al., 1988; Evans et 
al., 1992; Khakh et al., 1995; Surprenant et al., 1995), 
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Fig. 5. Schematic diagrams representing the major differences in properties among the P2Y (A) and P2X (B) 
receptor phenotypes. For the P2Y receptors, sensitivities to the indicated nucleotides are compared (2MeS = 
2MeS-ATP). For the homomeric P2X channels, four diagnostic properties are noted: (1) agonist sensitivity to 
ob[3me-ATP ((z,[3me.); (2) rate of desensitization upon continued agonist application (Des.), (3) sensitivity to P2 
receptor antagonists (Ant.); and (4) ability to form a large membrane pore on repeated agonist application 
(pore). "Full" indicates a high potency, rapid desensitization, or formation of the large pore. Desensitization 
and pore formation are rated only for presence or absence. 2MeS-ATP and ATP in (A) may include the corre- 
sponding diphosphate, for P2Y~. 

and medial  habenula of rat brain (Edwards et 
al., 1992). 

A cDNA for the P2X 3 subunit was cloned from 
rat dorsal root ganglia (Chen et al., 1995; Lewis et 
al., 1995). This recombinant receptor has similar 
pharmacological properties in terms of agonist 
selectivity, rate of desensitization and antago- 
n ism to that  of the P2X 1 subtype.  Currents  
evoked by agonists (in the potency order of 
2MeS-ATP_>ATP__ot,]3-meATP>ATP.vS> >ADP) 
showed even faster desensitization than that of 
the P2X 1 channel (in a range of milliseconds) and 
were blocked by suramin or PPADS (ECs0:1-3 
~V/). This receptor has a very limited distribu- 
tion, only detected as yet on sensory neurones 
(Chen et al., 1995; Lewis et al, 1995). 

P2X 2 and P2X s Receptors 

The P2X 2 receptor cDNA was obtained from 
rat P12 pheochromocytoma cells by expression 
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cloning in Xenopus oocytes (Brake et al., 1994). 
Agonists, such as ATP_>2MeS-ATP>_ATP-z,S, are 
usually 20-30 times less potent  at this receptor 
than at the P2X 1 (IC~: approx 30 ~M vs approx 
1 ~M) to evoke inward currents (Brake et al., 
1994). c~,]3-meATP previously thought  to distin- 
guish the P2X from the P2Y types (Burnstock 
and Kennedy, 1985) has no agonist activity at 
this receptor. During prolonged application of 
agonist this channel  shows very little desensi- 
tization with a time constant of 112 s (Brake et 
al., 1994; Simon et al., 1997a). In l igand-bind- 
ing s tudies  pe r fo rmed  wi th  [35S]ATP-yS, the 
r ecombinan t  P2X 2 d i s p l a y e d  no d i f fe rence  
from the recombinant  P2X 1 receptor in terms of 
agonist selectivity when  divalent cations were  
absent from the reaction, ct,]~-meATP bound  
extremely weakly and unlike at the P2X 1 recep- 
tor addit ion of Ca 2§ failed to increase the affin- 
ity of this l igand (Michel et al., 1996c). Suramin 
and PPADS are, as it was found for the P2X 1 
receptor, potent antagonists. However ,  there is 
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some difference in the antagonist  potencies: 
PPADS, DIDS, and dextran sulfate were 7-30 
t imes more  potent  in inhibi t ing [35S]ATP.vS 
binding to the recombinant  human  P2X 1 recep- 
tor than to the P2X2, when  both are heterolo- 
gously expressed in CHO-K1 cells (Michel et 
al., 1996c). 

A cDNA encod ing  the P2X 5 subuni t  was  
cloned from rat celiac ganglia by Collo et al. 
(1996). This receptor is also able to form a func- 
tional homo-o l igomer  channel  and has very 
similar pharmacological  properties in terms of 
agon i s t  p o t e n c y  (ATP^fS,>ATP=2MeS-ATP 
>>ADP), antagonist  sensitivity, and desensiti- 
zation to the P2X 2 channel,  when  they both are 
heterologously expressed in human  embryonic 
k idney  (HEK 293) cells. However ,  the P2X 5 
subuni t  has a restr ic ted t issue d is t r ibut ion 
(Garcia-Guzman et al., 1996). This subtype also 
shows, like P2X 2, a lack of o~,J3-meATP sensitiv- 
ity, and  m i n i m a l  d e s e n s i t i z a t i o n  (Fig. 5). 
A n o t h e r  ma jo r  d i f f e r ence  f rom the o the r  
known subtypes of the P2X receptor is that the 
a g o n i s t - e v o k e d  peak  cu r r en t  for the P2X5 
h o m o - o l i g o m e r  c h a n n e l  was  a l w a y s  ve ry  
small, being 10-fold less than any other recom- 
binant P2X subtype expressed heterologously 
in HEK 293 cells (Collo et al., 1996). 

P2X 4 and P2X 6 Receptors 

cDNAs for the P2X 4 and the P2X 6 subtypes 
were isolated from rat cervical superior ganglia 
by G. Buell and his colleagues in Geneva (Buell 
et al., 1996; Collo et al., 1996). Simultaneously, 
a cDNA was obtained from rat brain for P2X 4 
by Bo et al. (1995). cDNAs encoding the P2X 4 
subunit  were also isolated by others (Seguela 
et al., 1996; Soto et al., 1996a) from rat brain, 
and more recently from h u m a n  brain (Garcia- 
Guzman  et al., 1997). The P2X 6 cDNA was also 
cloned by Soto et al. (1996b) from rat brain. 
These subunits can also form functional homo- 
oligomeric channels, a l though the P2X 6 chan- 
nel  expresses  ve ry  poor ly  both in Xenopus 
oocytes and mammal ian  cell lines, suggesting 
that this subunit  may require a partner subunit  

for full expression (Collo et al., 1996). Again, 
c~,~-meATP has no or very weak  activity on 
these channels (Fig. 5). A very small current  
was observed for the P2X 4 homo-ol igomer ic  
channel with 100 mM o~,~-meATP (Soto et al., 
1996a) whi le  at the P2X 6 channel  this com- 
pound  was completely inactive (Collo et al., 
1996). Rank order of potency of P2 agonists are: 
P2X4: ATP>_2MeS-ATP>ATPgS> >ADP>(z,~- 
meATP;  P2Xs: ATP_>2-C1ATP>2MeS-ATP> 
ATPvS>>ADP (0t,~-meATP inactive). 

Like the P2X 2 channel, neither of the P2X 4 or 
the P2X 6 channels showed apprecible desensiti- 
zation during continued application of agonists 
(Buell et al., 1996; Collo et al., 1996). Moreover, 
the agonist-induced current at the P2X 4 channel 
can be potentiated by a low concentration of 
extracellular Zn 2§ ions (Seguela et al., 1996; 
Garcia-Guzman et al., 1997) suggesting a role in 
Zn 2§ induced neuronal hyperexcitability in the 
hypocampus where the mRNA for this subunit  
has been found abundant  (Collo et al., 1996; 
Seguela et al., 1996). Unexpectedly, these chan- 
nels were found to be resistant (Bo et al., 1995; 
Buell et al., 1996) or partially resistant (P2X 4 
channel) (Seguela et al., 1996; Soto et al., 1996a, 
1997) to antagonist blocade. 

It has recently been shown by Buell et al. 
(1996) that a lysine residue (Lys 249) located in 
the extracellular  loop is responsible  for the 
s low revers ib le  c o m p o n e n t  of b l o c k a d e  of 
PPADS through formation of a Schiff's base 
with this residue. This lysine residue has been 
found in the P2X 1, P2X2, and P2X 5, but not in 
the P2X 4 and P2X 6 subunits where  it is substi- 
tuted by glutamate and leucine, respectively 
(Fig. 4). Mutation of the glutamate or leucine 
residue to lysine renders both the P2X 4 and the 
P2X 6 receptor sensitive to PPADS (Buell et al., 
1996). However,  the action of suramin was not 
affected by the above mutat ions ,  suggest ing 
that  this c o m p o u n d  interacts  wi th  the P2X 
r ecep to r s  in a d i f f e r en t  f a sh ion .  Di rec t  
rad io l igand  b ind ing  exper iments  were  also 
performed on the recombinant  rat P2X 4 recep- 
tor heterologously expressed in CHO-K1 cells. 
The binding of [35S]ATPyS to the recombinant  
P2X 4 receptor was  also weak ly  inhibi ted by 
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suramin, PPADS, and number  of other P2 
antagonists and this interaction was allosteric 
rather than competitive (Michel et al., 1997). 

More recently a human homolog of the P2X 4 
subuni t  has been ident i f ied  with higher  
antagonist sensitivities (Garcia-Guzman et al., 
1997). Domain exchange experiments between 
the human and rat isoform have identified a 
domain (81-183) located in the extracellular 
loop that could account for the higher PPADS 
sensitivity in the human form (Garcia-Guzman 
et al.,. 1997). Moreover, mutation experiments 
have given an explanation for the increased 
suramin sensitivity of the human the P2X 4 
receptor. If a single residue, Gln 78 in rat P2X 4 
sequence is exchanged for lysine (normally 
present in the human sequence at this position) 
the suramin sensitivity of the mutated recep- 
tor increases by 50-fold (Garcia-Guzman et al., 
1997). However, this lysine residue, present in 
the human P2X 4 is absent in the other suramin- 
sensitve P2X subtypes (Fig. 4), suggesting that 
channels formed by the different P2X subtypes 
use different mechanisms for binding suramin. 

P2X 7 Receptor 

This subtype was formerly classified as the 
P2Z type, thought to be extremely distinct from 
the P2X and P2Y types, based on its unusual 
pharmacological properties, including block 
by Mg 2§ (Fredholm et al., 1994). ATP acting 
through this receptor permeabilizes cells and 
lyses macrophages by opening large mem- 
brane pores (Nuttle and Dubyak, 1994). How- 
ever, this receptor has been identified by cDNA 
cloning as a member of the growing family of 
the P2X receptors (Surprenant et al., 1996). 

The P2X channel formed by this subunit has 
a very distincive pharmacology. Brief applica- 
tion of agonist in the presence divalent cations 
opens the P2X 7 channel, permeable only to 
small cations like the other known P2X chan- 
nels. However, removal of extracellular diva- 
lent cations and repeated application of agonist 
produces a much larger, sustained inward cur- 
rent and leads to the lysis of the cells, because 

of the formation of large membrane pores 
(Surprenant et at., 1996). The agonist pharma- 
cology at this receptor is also unique among the 
P2 receptors, 3'-O-(4-benzoyl benzoyl) ATP 
(BzATP)>>ATP>2MeS-ATP>ATP~/S>>ADP 
(cz,~-meATP inactive). The current evoked at 
this channel desensitizes very slowly (>10 s) 
and is relatively insensitive to suramin and 
moderately sensitive to PPADS (ICs0: approx 50 
~tM). More recently, the human form of the 
P2X 7 subunit has been obtained (Rassendren et 
al., 1997). The properties of the human recep- 
tor broadly resemble those of the rat. However, 
there are marked differences, i.e., a lower ago- 
nist potency with the ECs0s for BzATP and ATP 
25- and 10-fold greater than for the rP2X 7 
receptor, respectively. 

The P2X 7 subunit  has a C-terminal  tail 
approx 200 amino acids longer than in any 
other known P2X subunits .  Mutagenes i s  
experiments have shown that this long C-ter- 
minal tail is responsible for the large pore for- 
mation, though it does not affect the receptor 
function as an ATP-gated nonselective cation 
channel (Surprenant et al., 1996). C-terminal 
domain exchange experiments between the 
human and the rat form of P2X 7 subunits have 
provided further insight into how the long C- 
terminal tail of the P2X 7 subunit controls the 
large pore formation (Rassendren et al., 1997). 

Channel Assembly 
and Heteropolimerization 

All seven P2X subunits can assemble as 
homo-oligomeric functional channels. How- 
ever, the P2X~ and P2X 6 channels express very 
weakly when their cDNAs are individually 
transfected into mammalian cells (Collo et al., 
1996), suggesting that these subunits are more 
likely to heteropolymerize with other P2X sub- 
units. It is common in other transmitter-gated 
channel families for different subunit types to 
assemble to form native functional receptors, 
as with nicotinic acetylcholine, glutamate, and 
GABA A receptors (Barnard, 1996). Homo- 
oligomer formation of a native-type receptor is 
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u n c o m m o n  for the extracellularly gated recep- 
tor channels, however,  being known for the 5- 
HT 3 receptor. 

Heteropolymerizat ion of P2X subunits has 
been demonst ra ted  for the P2X 2 and P2X 3 so 
far (Lewis et al., 1995). These receptors, when  
expressed as homo-oligomers,  have clearly dif- 
ferent properties, the P2X 2 channel being insen- 
sitive to c~,[3-meATP and desensi t iz ing very 
slowly, and the P2X 3 channel  being sensitive to 
R,~-meATP and desensitizing rapidly (Fig. 5). 
Coexpression of the P2X 2 and P2X 3 subunits in 
m a m m a l i a n  cells p r o d u c e  a channe l  w i th  
mixed  character is t ics  (R,[3-meATP-sensitive 
and desensitizing). P2X currents displaying a 
similar pheno type  have been recorded from 
some sensory ganglia (Khakh et al., 1995; Lewis 
et al., 1995), where  both P2X 2 and P2X 3 mRNAs 
and proteins are expressed. 

Such heteropolymerization of P2X subunits is 
expected to be more widespread for a number of 
reasons: mRNAs for all subunits are present in 
some sensory ganglia; P2X 4 and P2X 6 mRNAs 
show a s t r ikingly w idesp read  coexpression 
within the nervous system; and human genes for 
P2X 1 and P2X 5 and for P2X 4 and P2X 7 are clus- 
tered in close proximity on the same chromosome 
(discussed below). Coimmunoprecipitation stud- 
ies with subtype specific antibodies are required 
to see whether heteropolymerization with P2X 
subunits other than P2X 2 and P2X 3 occurs in 
native cells and this approach might also provide 
information about the relative numbers of the 
subunits per channel. 

Distribution of P2X Receptor Subtypes 

Data on the distribution of the seven cloned 
P2X subunits  are mainly based on Northern 
blotting and in situ hybridizat ion studies but 
in the case of P2XcP2X 3 these have also been 
extended to the protein level by immunohis-  
tochemistry (Vulchanova et al., 1996; Cook et 
al., 1997). A wide  variety of tissues and cell 
types, including smooth muscle, neuronal,  and 
immune  system cells, express at least one of the 
seven P2X subunits.  In the nervous  system, 

these receptors are in the central, autonomic,  
sensory, and enteric systems and also present 
on microglia. 

P2X 1 m R N A  is expressed  in sp ina l  cord 
(Collo et al., 1996) and in neonatal but  not  adul t  
brain (Kidd et al., 1995). mRNA for the P2X 2 
subunit  is present in the brain, spinal cord and 
in sensory and sympathet ic  ganglia (Kidd et 
al., 1995; Collo et al., 1996). This mRNA is also 
present  in the p i tu i t a ry  g land and  adrena l  
medul la .  Immunohis tochemica l  s tudies  per- 
formed wi th  a P2X2-specific an t ibody  have  
confirmed the presence of the P2X 2 protein in 
these locations (Vulchanova et al., 1996). The 
P2X 3 subunit  has a rather restricted localization 
pattern. Both the protein and its m R N A  are 
present only on a subset of sensory neurons  
that are nociceptors, including those in trigemi- 
nal and nodose and dorsal root ganglia (Chen 
et al., 1995). P2X 3 immunoreact ivi ty  has been 
recently found in peripheral  endings of a sub- 
set of noc i cep t i ve  n e u r o n s  p r e sen t  in the 
t r igeminal  gangl ion  project ing to the tooth 
pulp. Here, this receptor mediates  nociception 
e i the r  as a h o m o - o l i g o m e r  or in h e t e r o -  
polymerization with the P2X 2 subunit  (Cook et 
al., 1997). In contrast, the P2X 5 receptor, whose 
mRNA also has a very restricted distribution, 
being present only in the cell bodies of prop- 
r i o c e p t i v e  a f fe rens  of the m e s e n c e p h a l i c  
trigeminal nucleus (Collo et al., 1996), does not 
mediate nociception in sensory neurons. It may 
mediate mechano-sensation at the jaw muscle 
stretch receptor either as a homo-ol igomer  or 
in heteropolymerizat ion with other subunits  
such as P2X 2 (Cook et al., 1997). 

Transcripts for the P2X 4 and P2X 6 receptors 
are the most abundant ly  expressed P2X forms 
in the nervous system. They are found in the 
dorsal horn of the spinal cord and sensory gan- 
glia. mRNAs for these P2X subunits are exten- 
sively present in large number  of brain regions 
>,'here they show marked over lapping distri- 
bution (Collo et al., 1996). P2X 4 mRNA was also 
found in salivary gland, where  its native homo- 
oligomeric form displays the nondesensit izing,  
c,,13-meATP and antagonist  insensitive pheno-  
type (Buell et al., 1996). 
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The P2X 7 receptor has a much wider distri- 
bution then has previously been suspected. 
mRNA for this subtype being not only present 
on macrophages and other related immune 
system cells, but in the heart, liver, pancreas, 
brain, spinal cord, skeletal muscle, lung, and 
spleen (Surprenant et al., 1996; Rassendren et 
al., 1997). In the brain the P2X 7 transcript 
appears  to be present  on e p e n d y m a  and 
microglia, but not in neurons (North and 
Barnard, 1997). In the microglia, the P2X 7 
mRNA is colocalized with other P2X subunits 
abundant in the brain (J. Simon, unpublished 
observa t ion) ,  ra is ing the poss ib i l i ty  for 
heteropolymerizat ion.  These cells are also 
thought to express subtypes of the P2Y recep- 
tor that may play an important role in chan- 
nel modulation (discussed above). Microglial 
cells are the main immune effector cells of the 
brain  and are k n o w n  to release var ious 
cytokines and nitric oxid upon activation, in 
an analogous manner to macrophage activa- 
t ion (McGeer and McGeer, 1995) and are 
thought  to play a role in various neuro- 
generative diseases. However, it is far from 
clear how the P2X 7 receptors, homo-oligo- 
meric or heteropolimerized with other P2X 
subunits, play a role in physiological activities 
of microglia on ATP activation. 

Genomic Organization 
and Alternative Splicing 

Genomic organizat ion of the rat P2X 2 
(Brindle et al., 1997) and the human P2X 7 gene 
(Buell et al., 1997) have been determined to date. 
The P2X 2 gene contains 10 introns, ranging 
from 78 to 320 bp in the coding region,  
whereas the human P2X 7 has 12 introns in its 
coding region. The exon-intron boundaries 
show precise conservation for the first 10 
introns. The large number  of exon- in t ron  
boundaries present in the coding region sug- 
gest the existence of a number  of subunit 
isoforms produced by alternative splicing. 
Interestingly, sequences encoding transmem- 
brane regions are also interrupted by introns, 

raising the possibi l i ty  of an existence of 
splice variants with slightly different TM 
domains. Recently three isoforms of the P2X 2 
subunit were isolated from neonatal rat cer- 
ebellum (Simon et al., 1997a). The first vari- 
ant, now termed P2X2(b) ' has a serine-proline 
rich region (207 bp) deleted from exon 11. 
This isoform was also obta ined  from rat 
cochlear tissue (Br~indle et al., 1997). This 
short form of the P2X 2 subunit expresses in 
the nervous system at least as abundantly as 
the original P2X 2 subunit cloned by Brake et 
al. (1994), the latter now being termed P2Xz(a) 
(Simon et al., 1997a). The P2X2(b) isoform is 
able to form homo-o l igomer ic  funct ional  
channels, as was shown by its expression in 
Xenopus oocytes and in mammalian cells. The 
only  d i f fe rence  in p rope r t i e s  d e t e c t e d  
between this short and the P2Xz(a) long form 
is an increased, intermediate rate of desensi- 
tization controlled by the serine-proline rich 
region at the C-terminal tail (see above). How- 
ever, a d rama t i c  change  in the rate  of 
desensitization occurs when two 34-residue 
segments containing the TM1 and TM2 region 
of the P2X 1 or P2X 3 subunits are exchanged with 
the corresponding sequences in the P2Xz(a) 
sequence (Werner et al., 1996). 

Alternative splicing also occurs in the TM1 
region of the P2X 2 subunit, generating two 
additional isoforms (Simon et al., 1997a). In 
one isoform a 18 bp fragment is spliced out 
from exon 2 together with intron 1 (p2x2(c)), 
using a cryptic splice site located in exon 2. 
In the second variant (p2X2(d)) a 36-bp, in- 
frame insertion occurs at the same position. 
Although functional expression of these two 
isoforms has not yet been achieved (denoted 
by the lower  case letters) mRNA for the 
p2x2(c) isoform is present in many structures 
in the nervous system, whereas transcript for 
the p2x2(d) variant has only been found in the 
nodose ganglion (Simon et al., 1997a). Two 
cDNAs e n c o d i n g  spl ice va r i an t s  of the 
human P2X 5 subunit (hp2xs(a) and hp2X~(b)) 
have also been depos i t ed  wi th  Genbank  
(Table 1); however, no functional expression 
of these has yet been reported. 
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Chromosomal Localization 
of Human P2X Subunit Genes 

Five of the seven known P2X subunits have 
been localized on human chromosomes. Genes 
for P2X 1 and P2X 5 have been mapped to the same 
locus (p13.3) on the h u m a n  chromosome 17 
(Buell et al., 1997). The human P2X 4 gene was 
loca t ized  to c h r o m o s o m e  12, locus q24.32 
(Garcia-Guzman et al., 1997), in very close prox- 
imity to the P2X 7 gene, mapped  to the site of 
12q24.2 (Buell et al., 1997).The human gene for 
P2X 3 was mapped to chromosome 11q12. These 
results indicate that some of the P2X subunit 
genes are clustered at the same locus and these 
are the subunits more likely to heteropolymerize, 
as is known for other transmitter-gated ion chan- 
nels. Although, some of the loci where hP2X sub- 
unit genes are located are thought to contribute 
to several inherited disorders, none of these dis- 
eases could definitely be related as yet to any of 
the mapped hP2X genes. 

Conclusion 

P2X and P2Y Receptors in the Brain 

Electrophysiological studies have accumu- 
lated evidence that ATP acts on both types of 
the P2 receptor in the brain and the P2X and 
P2Y receptors might  coexpress in a number  of 
regions th roughout  the brain. Some of these 
findings were  recently reviewed by Illes et al. 
(1997). Both P2X and P2Y types of responses 
w e r e  o b s e r v e d  in h i p p o c a m p a l  n e u r o n s  
(Wierasko and Ehrlich, 1994; Balachandran and 
Bennett, 1996), hypothalamic neurons in cul- 
ture (Chen et al., 1994), locus ceruleus in slices 
(Shen and North,  1993; Fr6hlich et al., 1996) 
and rat medial  vestibular nucleus (Chessell et 
al., 1997). In situ hybridizat ion studies demon- 
strated that transcripts for the P2X receptor 
subtypes (P2X 2, P2X 4, and P2X 6) have a more 
d is t inc t  local iza t ion  pa t t e rn  than the P2Y 1 
mRNA, the only P2Y subtype whose localiza- 
tion (Fig. 3) has been studied so far (Kidd et al., 
1995; Collo et al., 1996; Webb et al., 1997). 
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Whereas the P2X transcripts are mainly present  
on neurons (except the mRNA for the P2X 7 sub- 
unit) the P2Y 1 receptor has both neuronal  and 
non-neuronal  localizations (see Fig. 3). mRNAs 
for P2X 2, P2X 4, and P2X 6 together with the P2Y 1 
transcript are all present in high densi ty in cer- 
ebellar Purkinje cells, cerebeltar cortex, in all 
h ippocampal  fields and dentate gyrus, as well 
as in the olfactory bulb (Kidd et at., 1995; Collo 
et al., 1996; Simon et al., 1997b; Webb et al., 
1997). The P2X 7 subunit  like the P2Y 1 receptor 
has a notable glial distribution. Furthermore,  
mRNAs both for P2X and P2Y subtypes have 
been detected by RT-PCR in a number  of neu- 
ronal populations where  electrophysiological 
and pharmacological measurements  provided 
data characteristic of both P2Y and P2X recep- 
tors (J. Simon and T. E. Webb, unpub l i shed  
observations). However,  some of the data pro- 
vided by electrophysiological measurements ,  
or radiol igand binding assays per formed on 
brain membrane  fractions or brain slices, can- 
not be explained by the localizations of the 
presently known P2X and P2Y receptors. For 
example, c~,j3-meATP sensitive responses have 
been recorded  from neu rons  of the med ia l  
habenula (Edwards et al., 1992), medial  vesti- 
bular nucleus (Chessel et al., 1997), and mesen-  
cepha l i c  n u c l e u s  ( K h a k h  et al. ,  1997). 
A u t o r a d i o g r a p h y  wi th  [3H] ct,~-meATP on 
brain slices also located ob~-meATP sensitive 
binding sites (Bo and Burnstock, 1994; Balcar 
et al., 1995). However,  none of the (~,~-meATP- 
sensi t ive P2X receptor  sub types  have  been  
detected in the brain. Conversely, the two most  
abundant  subtypes of the P2X receptor in the 
brain have little sensitivity to P2 antagonists, but 
no antagonist-insensitive responses have been 
detected from brain neurons so far. There may 
be a yet undetected P2X subunit or subunits in 
the bra in  wi th  the above proper t ies ,  or yet  
untested combinations of different P2X subunits 
may explain these discrepancies. 
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